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AN ELASTIC-TUBE GAGE FOR MEASURING STATIC AND DYNAMIC PRESSURES 

»«•S 

An- instrument, called the TMB Elästic-Tübe Pressure Gage* which con- 

sists primarily of an elastic tube and strain-sensitive electrical wire, was 

developed, at the David Taylor Model Basin for measuring, a wide range of static 

and dynamic fluid pressures associated with various types of naval equipment. 

The design specifications for the gage, novel features of construction of the 

mechanical and electrical components, and operating characteristics, such as 

sensitivity, accuracy, and response to rapidly applied pressures, are* described. 

Also discussed are gage-calibration techniques., the use of auxiliary electrical 

andrecording equipment, and operation of the pressure gages in the field under 

adverse service conditions. 

INTRODUCTION 

During World War II, the Navy Department expanded and intensified 

its program ;pf scientific' investigations of the operating characteristics of 

all types qf structural assemblies and mechanical devices which comprise a 

fighting ship. Whenever time permitted, tests were, conducted under controlled 

service or laboratory conditions te determine, the. performance of ; Items, of mate- 

rial, and tq study the Validity of existing design criteria.. Frequently it was 

'necessary t-P determine the magnitude and variation of pressures in fluid media 

associated with the physical systems under investigation,, as, for example, with 

gun turrets,. In the study of gun turrets it was necessary to measure the rapid- 

ly generated pressures In the .gun barrels and In the- recoil and counter-recoil 

systems of the guns, the fluctuating pressures in hydraulic pumping and vari'ia- 

.   ble-speed transmission systems,, and the 7stätic pressur.es in air and liquid 

reservoirs. 

With the extreme ranges encountered in such applications, both of 

the magnitude; of pressure and of Its rate of variation, it was believed- that 

no unique combination of pressure gage and auxiliary equipment could: suffice 

for all .measurements;. Nevertheless, it was considered desirable that one'type 

iöf pressure-sensitive device :b.e suitable under all anticipated test conditions. 

In-"T'9^5 when the need for these instruments arose, no commercial product v/hlch 

would fulfill design specifications was available. Therefore, development of 

a- new device to measure pressure was .undertaken by the David Taylor Model; Basin. 

An instrument, known as the TMB Elastic-Tube Pressure Gage, that com- 

bined an elastic tube ahd strain-sensitive electric wire was found from exhaus- 

tive tests to measure pressures accurately under various service conditions, 
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arid a number of these instruments were put in operation in July 19^5•* These 

gages were first described briefly in a memorandum fi•}•** Issued for use by 

employees of the Taylor Model Basin; the instrument was later described irl a. 

teehnicäl paper (?'); for general use. Minor changes have subsequently been 

introduced to ensure satisfactory operation under the most severe ser-viee cönr 

ditiohs;, and both: the. original and modified versions of.these instruments, 

which are now in widespread use by various naval research establishments,* are 

described in this report. Sufficient details of construction,, calibration, 

and operating procedures are given so that this report may be used as a ser- 

vice manual for those, who are operating instruments manufactured by the Taylor 

Model Baaih as well as "a guide for those persons who wish to manufacture their 

own. Design factors which influence fna^KUm^trcliaWc^'istie'sr-are discussed^ 

In Appendix 1 of this.report. 
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DESIGN AND CONSTRUCTION OP THE PRESSURE GAGE 

The design of any pressure gage should necessarily embody ail the 

characteristics required of a precision measuring instrument, for use under 

known conditions, of testing. The explicit design requirements for this par- 

ticular instrument and the manner in Which they were, satisfied, are discussed 

in this section of the report• 

* DESIGN SPECIFICÄTiöNS 

Design requirements for this pressure gage were formulated from 

knowledge of (a) the ranges of pressure and rates of pressure variation to 

, be measured., (b); the actual operating conditions in the field* (c) the char- 

acteristics considered necessary in a precision, instrument, and (d) the äuxil-- 

lary ampiifying and recording equipment which would be Used with the; instrument 

if it. incorporated electrical componentsi These requirements are embodied in 

a iist of requisites which may be considered as specifications: 

-. t,. The instrument .should, emit a linear and.undistorteä response to 

static: pressures and to cyclic variations as great as 2000 cycles per second 

-or transients: "which;-rise in.'l/Z'-^iiiiBejeond'» This requirement implies the need 

for high natural frequency to ensure fidelity of response to- transients, 

2. - Sensitivity should be: sufficient to permit measurement of a wide 

range of. pressures with a single instrument, äs for example, 200 to 50Q0 pounds 

per square inch; the least count or discrimination should be äs low as T/4 per 

* Patent applications have' been made £or- the novel features of this gage that were developed by Et. R.S. 
Thatcher, BSNR, and Mr. E. Wenk, Jr.* of the Taylor Model Basin staff. 

** Numbers in parentheses indicate references on page 36. 
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cent of the maximum, value.. Peak pressures as. low as 5t) arid äs high as 5°,QQ0 

pounds per square inch should be measurable with this same precision with addi- 

.fcLnnla-i i-nrätfeuimentä. t'häjt_ags...based jgn the same principle, 

3<  . Calibration, of the device should be easy and.should not require 

-.elaborate;'e.qui-pmentr..   ...      _       

4.. Once determined* the" instrument calibration should remain independent 

of age arid extremes of meteorological, conditions., and should hot be disrupted 

by rough handling. 

5... The response of the device should: be free of spurious indications 

of,pressure when the. gage is exposed to shock and vibrations of moderate in^ 

tensity, to normal variations of temperature of the ambient atmosphere, and to 

temperatures of the pressure ^transmitting; medium as*; high! as 3Q9 degrees fäKrM- 

•heit.. .  ." 

6.. Superposed, instrument errors should be less than 2 per cent of the 

peak .pressure being measured. 

|. It should be possible to record pressure at stations remote from the 

point of instrument installation. Inasmuch as such a device would probably 

incorporate, some electromechanical, components/; the electrical output should be 

adaptable for use with existing electronic amplifiers and other equlpmeht which 

has: proved suitable for measuring high-speed; phenomena. 

. 8. The; device should be relatively simple to manufacture, assemble,, in» 

stall,,; ah& operate,; it should be compact and durable and have the finished ap- 

pearance ,of a comnteirciaL product,.. ' 

It should: be noted that these specifications were formulated for use 

of the device as a measuring instrument, but all the listed characteristics 

would coihcldentally render it useful as: a control instrument; 

*•*•'. 

-   * . 

' GENERAL PRINCIPLES OP OPERATION . 

Studies conducted* as the first phase of instrument development indi- 

cated:, that ;a> purely mechanical device could hot include all the essential pre- 

requisites for satisfactory,.operation-, particularly the requirements ;pf insen- 

.is-ltlvity to shock, gf remote recording, and of accurate response to rapid 

variations in pressure.. The design thus appeared to require ä combination of 

appropriate electrical and mechanical coiBpouonts. Instruments where similar 

applications of electrical motivation have been used depend on variations In 

electrical resistance, capacitance, or inductance, which are proportional to 

the physical quantity being studied. . Measurement of the electrical output has 

»•»» - wi*t^fo*w; • 
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then been accomplished with standard indicating ör recording equipment,. Inas- 

much as there had already been developed at the Taylor Model Basin various 

types of auxiliary eqU-ipment for- use with strain gäges Whose' electrical resist- 

ance varies with mechanical strain, an effort was made to utilize this princi- 

ple in instruments which were being developed to measure various quantities 

such, as forces,, torques,, pressures, displacements, and accelerations. By this 

procedure the. required, auxiliary equipment could be. .standardized so as to Save . .... . -£. 

development time and resources and to permit a greater flexibility in use where 

measurements are required of a large number or variety of quantities.. Since 

the. resistance-type electrical strain gage,, when properly used, possesses jsrll 

the characteristics required of the electrical pickup of this presäureimea^sur- 

ihg'ihstrument,"re was adopted1 äs one pörtiöff oi~'itfä;~üWv%v&r~~~ 
The operation of this electrical component is based on the electriöal 

properties of a metallic wire by which proportional changes in resistance are 

produced by changes in length of the wire (and accompanying changes in cross- 

sectional area). When, such, a wire is cemented to an elastic material,, it 

serves as ä gage of mechanical strain, since within certain limits of tempera- 

ture and strain, its resistance changes by an amount that Is directly propor- 

tional to the; change in length of the material on which it is cemented; Thus 

the wire may be employed in a pressure^measuring. device if .it is mounted on a 

mechanical element that is elastically deformed by the. application of pressure. 

•Unfortunately, the resistance of the strain wire also changes with variations 

in temperature and with temperature--induced mechanical strains, which property 

may produce gross errors in ^measurement. These extraneous temperature effects 

may be canceled, however, by the use of properly located tandem strain elements 

which are. connected, into anelectrical bridge circuit.. Provisions for this 

feature iwill be. discussed, later. ' 

For the mechanical component, of this pressure-measuring device, two 

basic structural shapes were investigated - ä diaphragm and a tube subjected 

to .internal pressure. In both shapes* fluid pressures produce elastic and thus 

proportional strains;, but with the diaphragm this actlpn occurs only if the 

center deflection is, limited tö approximately one-third the thickness. This 

restriction also places a virtual limit on the maximum strain that can be 

developed in the diaphragm; and thus on, the maximum electrical output and sensi- 

tivity. Ordinarily this limitation on sensitivity would not be objectionable,, 

but since the design requirements call for the use of but one instrument for 

measuring a wide range of pressures, a high maximum electrical output and sen- 

' sitivity were desired. 

The tubular shape involved-no limitation' -on strain other, than that 

of the proportional limit, of the material which comprises the tube; and since 

V 

. i 
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its .use offered additional, though less important advantages, it was chosen 

äs the basic mechanical, element of the pressure gage. 

In principle then,, the pressure-measuring instrument j  or- -transducer', 

was developed- as- an elastic tube around which is cemented strain-sensitive 

e-iept-r-ie wire-.; Pressure applied to-,the inside of the tube produces circumfer- 

ential strains in the tube,, and thus changes, in the electrical resistance of 

the wire. When the: strain wires are connected to the auxiliary equipment, 

electrical signals resulting from the pressure-produced strains are measured 

or recorded and are convertible to pressure units with, an experimentally de- 

termined calibration factor. 

With the adoption of this basic principle of operation, the. design 

next required, the solution of the many electromechanical details that- would 

render the transducer a suitable test'instrument. - 

8 * 

o 

MCKfiNiGÄL. DESIGN: 

The design requirements for the mechanical portion of the pressure 

instrument j based 6h the .specifications and the selected principle of opera- 

tion, can; be detailed as follows: 

„._•- J;.s._ The_diaiension4 o^ijthe .pre.ssure^^tive tube should •beja. compromise 

between the requirements for (a.) a. short length and small diameter' for com- 

pactness and high natural frequency* '(.b?) a wall thickness sufficient to simpli- 

fy manufacture> and Cc) ä combination of geometry and materials of construction 

such that circumferential strain of approximately 2200 mlcrpinches per inch 

could be developed safely at maximum design pressure •. 

2. , vÄccömmo.dätions must be made for a temperature-compensating strain, 

gage which would, be subjected to the same temperature, changes and temperature- 

induced dimensional, changes as the gage on the pressure-active tube. 

,3. Mechanical protection must, be assured for the strain gages. 

U.    A system for venting gases from the tube must be provided, inasmuch 

as trapped bubbles, might distort the response of the instrument to high-fre- 

quency transients -. 

5. Provision must be made-for a simple and pressure-tight connection 

to the pressure; source.and for simple, effective electrical connections to the 

auxiliary equipment so that the, instruments may be rapidly installed by unskill- 

ed personnel. 

6. The mechanical design must involve a minimum number of separate 

•pieces which can?oe manufactured easily. 

fm 
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Figure 1 - Schematic Diagram of TIffi. Elastic-Tube Pressure Gage 

.This- diagram shows, details of construction of the original design, for 
instrument types D, E, F, and G-. -Diaehstons of the- tube for' 

different pressure ranges are given iii Table 1. 
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Figure .2 - Components and Assembly of the Original Design 
of the Pressure Gage 

The,small number of components and simplicity of manufacture are evident from these photographs-. 
Although this .tube, is shorn, equipped with commercial strain gages, hand-wound strain elements 

are usually employed. 
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1.   .The form of the gage should depend on the function and should be as 

attractive as; possible without sacrifice of utility.. 

After these requirementß wsre formulated •,  it was also determined 

that the strain-sensitive wires, though waterproofed, should be still further 

protected against moisture or oil by ä mechanical shield;.. This latter con- 

sideration required modifications to the original mechanical arrangements of 

the instruments, äs will be discussed later. 

The mechanical design of the- transducer which evolved from the major 

considerations just listed is shown in Figures 1 and 2, The primary component 

is a. small tube- that is separated into two chambers by an integrally formed 

occlusionc One chamber is attached to the pressure source,. while the other- is 

exposed tö the atmospherev -The -occlusion which- blacks the. end of the .pressure 

chamber is drilled and tapped for ä small screw that can be removed when de- 

sired to bleed the active; tube .* 

The. tube iff-alsö- integrally provided with ä hexagonal base and thread- 

ed shank for attachment to ,a tapped opening at the pressure source. The hexag- 

onal base is grooved on. the shank side to receive an annular copper gasket 

which serves as a pressure -seal* This tubular element is machined of ä high- 

strength alloy Steel, Navy specification ^9S2i,, Alloy 2, which has a yield 

«fc 

strength öf T05,QöO-.PQuhds per" squarenthchT*       • —" '    -7 ----- 

A wall, thickness of 0.0T4 inch was arbitrarily established as the' 

miuiisium that could be employed in the tube for ease in manufacture, for stiff- 

ness, and for insensibility to corrosion effects; the diameter of the tube'was 

then ^computed; frpm conventional theories of elasticity to produce the desired 

circumferential strains at the maximum applied pressure.. Principal stresses 

were also computed as a check on the safety of the design. The dimensions of 

the. tube for various, pressure ranges are given in Table I*. 

As shown ih Figure T, the transducer is provided with a brass shield 

which, surrounds, the tube for protection of the strain elements. Attached to 

this shield is an Amphenol-type electric plug wired, to the strain gages, to 

permit making rapid electrical, connections to the external amplifying andre-? 

cording .circuits.. An aluMnum cap which seals the upper end of the shield com- 

pletes the gage assembly. Clearance 1§, provided,between th<§, cap and the shield 

so that the pressureractlve tube when loaded is not restrained from longitudinal 

elongation, as this restraint could interfere With linear and consistent in- 

strument response. 

A large number of transducers which make use of this design have 

been put into service since since December 19^5» and some have been contin- 

/ 1 

*   Monel or corrosion-resistant steel could be used where corrosive fluids are involved. 

• T.   "wsrä -- •*— -a   -- - 
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TABLE 1- 

Dimensions aha Designations of Elastic-Tube Pressure Gages 

; Type • 
Test - 

L Pressure . 
PSi   ; 

, Mechanical 
Design 

-Dimension^ of Tube, inches- 

Out side n)lämeter-; Inside Diameter .' 

E 

F . • 

-T.     I 
V 

:, 8000 

5000 

20,000 A 

1' iOoo 
- 25^000 

cnnn. 

Original 

Original". 

Original 

Original 

Revised 

'Revised- — 

•O..478 

;   0Ä 
0.466 

0.747 

0.-466 

.0*458 

0.458 

O.545 

0,718 

, -  O.545 

uously exposed .to moisture and oil for periods exceeding one year. Examina- 

tion and recali-bratioh of these instruments revealed only trivial changes in 

sensitivity, except where a marked drop was discovered in electrical resist- 

ance between the strain gages and the metal tube on which they are mounted * 

This condition was attributed tp leakage of moisture oy.er an extended ,period 

iäästö- the instr-umsnt through -minute spaces^;bat«geJ5_the electrical iplüff «Ihä its 

housing and thrpyigh the crevice between the .aluminum; cap and the brass shield. 

Hydraulic fluid in- equipment being tested had also entered the shield and had 

softened the waterproofing compound which protects the. strain gages« 

* Twp: other minor defects in the mechanical design were also indicated. 

Fleet, the-electrical connection which consists of a modified; Ämphenöl plug 

had been easily bent when the Instruments were Installed because .of mechanical 

weakness of the plug, housing. Seö.önd-, ".maintaining the: tolerance of the gr'oove 

In the hexagonal base for seating, the ring-shaped copper gasket was found to 

be difficult, and this type of seal was found to be ineffective at pressures 

above 20,000 pounds per square inch. ; 

Ail these unsatisfactory conditions were corrected by slight modifi- 

cation of design. For pressures'under 20,000 pounds.per square inch, the orig,- 

inal mechanical components of the transducer were revised' to those, arrangements 

shown in Figures 5 and 4;;-rand for higher pressures., to those shown in Figures 

5 and 6.; The tubular element for the new Ipwrrange transducer differs from the 

original element mainly in the ;prpv.i'Sion of ^integrally machined ridges at the 

top of the tube to hold a nepprene '"'0"-ring which seals the gap between the 

tube and shield. Further, the shield itself is attached to the base of the 

tubular element with.a- clamping nut which permits attachment of the shield 

without the rotation which was necessary to. engage threads provided in the 

IP 
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r 
! 
J 

1 
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11 
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figure 3 «• Schematic Diagram of ß^visecl Elastic-Tube Pressure 
Gage,, Type J 
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Figure 4 - Components and Assembly of the^Re^ised Elastic-Tube 
. Pressure Gage,/Type J 

This instrument is a modification of the original design for use at pressures under 
10,000 pounds per square inch. The principal modification is in the means of keeping 
the mechanical shield completely tight against leakage of. oil and moisture. Another 
difference is the use of a Cannon type of electrical, plug instead of the Amphenol typo. 
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Figure 6 - Components and Assembly of TMB Elastic-Tube Pressure 
Gage, Type H, for Use at High Pressures 

These instruments, are similar to the modified design, Type J,, except for a. pressure 
seal that is useful in the range of 10,000 to 50,000 pounds per square inch. 
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original tubular element. The elimination of this rotation facilitates con- 

nection of the electrical leads from the strain gages to the plug* Also, in 
-$he--ns»--inst-rijffiezit-a, fiat, .annular gasket is provided as the prossure seal, thus 

eliminating the groove in the hexagonal base.. The connection formed, by this 
method has proved to be tight for pressures up to 10,000 pounds per square inch. 
Jt-should also b,e noted that the aluminum cap oh the new transducer has no open-? 
ing at its center äs did the earlier one, so that the ,neW cap must be removed 

with the bleed screw when exhausting the instrument of" trapped gases. 
One further modification is the use of a Gannon type of electrical 

plug instead öf the Amphenol type • This, hew plug, can be equipped with a waters 

proof dust cap. when not in use or with a waterproofed matching plug when making 

electrical connections.   ..__."•_-.... 
The design of the transducer for use, with pressures from 10,000 to 

50,000 pounds per square inch; is similar to that for lower pressures except 

for the means of attaching the instrument to the pressure source. Here the 

tubular element.is provided,with a shank on which is loosely fitted a mounting 
hut* a brass washer, neoprehe, packing, arid a smaller assembly nut. The fitting 

is designed t.ö match an opening at the pressure source which is reamed to a 
diameter that exactly matches that of the washer, and which is tapped at its 

top: to; match the Mounting hut of the instrument. The. bottom of this, opening, 
should be flat ;tö receive the instrument, and the depth must be such that the 

assembled transducer bottoms when, the mounting nut. is tightened. 'Sealing action 
occurs by expansion of the heoprehe packing between the shank of the tubular 

element and thevwall" of the machined opening at the .pressure source. 
,Since< most of the instruments of the original design have performed 

sä;tisfäctorily in service, their use, under limited conditions; has been con- 

tinued. Where service, «conditions are severe, however:, their shields have been' 

modified to incorporate the Gannon type of electrical plug rather than the 
Amphenol type-, 

All gages are designated by a serial number which indicates'the type 

of transducers, and the peak, pressure, for which the instrument was designed. 

* This system of identification is explained in Appendix 2. 
• • '; . 

' STRAIN^QAQE EIÄMTS - 

As previously, described, strain-sensitive electric wire was mounted 
on the outside surface of the pressure-active tube to convert mechanical' strains 
to changes in,electrical resistance. A variety of hand-wound and commercial 

gages with different initial resistances have; been used; the characteristics 

of these gages and their operation are discussed in the following. 

1 ~ .. 
11 j '- iTjl 
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The basic principle of operation of the strain wire is expressed by 
the relationship 

'-.' • _ :..J2.BO..ttPP. ..;-._  

where R is the initial resistance of the wire= in ohms, 
e  is the mecMnical strain of the material to which the wire is cemented* 

and in this gage is, a direct function of the applied pressure and of 

change in temperature:, 
üf and P  are constants that depend on the characteristics of the strain wire., 

' t  is the temperature, and' 
Ait is- the change in resistance of the wire in ohms. 

_ 1or.Wipus reasons that will be explained in the later discussions, 

the AR  of _a gage is often expressed in strain units of mlcroihches per inch, 

, F,rom this expression, it can-be seen that a, change in resistance, of 
a single strain gage is produced by changes in temperature as well as by mechahr 

ical. strain, so that gross errors in strain measurement may accompany variations 
in fluid, or ambient; temperature, „Withthe pressure transducer., strain.gages are 

installed in pairs,, one mounted on the active segment of the tube and the other 
on the segment; exposed to the atmosphere.. These two :gages are sufficiently 
closer-together that, the change*, in. their resistances, produced by temperature 

changes and by temperature-induced dimensional changes are approximately the 
same. If these gages are connected into adjacent arms of a suitable Wheatstone 

bridge circuit» the equal changes of resistance; do not unbalance: the bridge, 
and-ho spurious, electrical, signals will be emitted from the pressurermeasuring 
system as. a result of temperature changes. Presr'-re-prpduced change in resist- 

ance of the strain wire,..mounted oh the active segment will unbalance the bridge 
and in ä proper^ designed, circuit an electrical output will be produced that 

is. almost exactly 'allriearr function Of the. applied pressure.. 

Commercial metalectric strain gages, were, used with the transducers 

that were f irst imanufactured.. Type, Ar%k gages_were used where a gage resist- 
ance of £.00 Ohms was required,, and. Type; Ar7 where a resistance of 120 ohms was 
'required. Generally, the Instruments with Arl4 gages were more stable and ac- 
curate than those with A-7 Sages. However, both types of, commercial gages have 
since been superseded by strain-rsensitive wire that is hahdrwouhd Oh the tube 

to the desired resistance. Handrwound gages require considerably more care in 
manufacture but are rtöre reliable.  • ,   '. •- "      .   , 

The strain-elements are mounted äs follows: Commercial-type strain 

gages are first prercürved to fit the tube., and then cemented with Duco. After 

air-drying for H8 hours, the gages, are heated with infrared lamps to TJO degrees 
fahrenheit for 8 hours, and ar.a then waterproofed with a bitumastic compound 

•W"l 
AEL MsCfcSÄSaa«***, * -~-'W» 
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such as Ozite B., or with neoprene'. The process of applying neoprene is ex- 

plained in detail in Appendix 3-. Standard procedures are used in preparing 

the surface of the tube and in carrying out -other- details of application:. 

Single-strand silk-covered, enameledAdvance wire, 1.5 mil In dia- 

meter,, is used when= the gages, are woundr on the .tube by 'hahdr, All wires are 

pre-eüt to the length required to produce the desired strain-gage resistance, 

-after assembly.* The wire is then doubled and the end of the. loop thus formed 

is cemented to the tube with a drop of prepared cement.** The tube is then 

put in the chuck of a hand drill which is held in a vi&e, and the* wire is 

wound directly on the tube with the axis of the, drill inclined just enough 

to cause each turn of the strain wire to fall next, to the preceding turn. To 

ensure constant tension, in the wire,- a 2 -ounce., weight ..lahung; f^pm the free 

ends by means of ä spring-clip With rubberrpadded jaws*. Before the Wire is 

wound, the tube Is coated with cement; after the winding is completed the 

entire surface is saturated with thinned eemeht. The short ends of the strain 

wire are tinned and soldered, to flexible leads, and the joint thus formed is 

insulated' from the tube by a thin sheet of nylon or Sarah film, The flexible 

leads.are latxm connected to the output plug. The waterproofing process Is 

identical to that employed with commercial gages, and the compound is applied 

to keep these electrical leads, "as rigid" as pjäsible>. The resistances of-the 

active and the temperature-compensating-strain gages should be equal to within 

t Ö.5 ohm. When the initial resistance of the gages is 120 ohms, the trans- 

ducer is immediately adaptable with auxiliary equipment which is designed for 

Use with metalectric gages for the' direct measurement of strain, such as the 

Baldwin Soüthwark SR-4 Static Strain Indicator >ahd equipment similar to the 

TMB Type 1$ Strain Indicator (3). For some measurements:, however, it is nec- 

essary to use a conventional d«c Wheatstone"bridge feeding either a-direct^ 

coupled amplifier or ä recorder, and in these, cases it,is desired to force the 

electrical output of the transducer system to a maximum. This may be accom-? 

plished by using a higher battery voltage for the bridge power supply; but to 

maintain bridge -current as. low as possible, it is necessary to employ strain 

gägös whose resistance is as great as 500 or 1000 ohms.. This higher resists 

ance may be attained easily with the hand-wound gage. 

'*   The resistance of the strain wire, changes during assembly because of tension produced by the ,windr 
ing- process.       ' '' 
** This cement consists of 25 grams of granulated celluloid No. 2346 dissolved; on one pound of ethyl 
acetate. 
+   For maximum stability of operation, gage current should be approximately 2 mi^liamperess    However,, 
only slight difficulty has beec. experienced with current as great as 20 milliamperes, and "eyon A0 
milliamperes for short periods of time where maximum output was required. 

i 
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Figure 7 -. Photograph. Showing Arrangement of Test Apparatus 
~- for; Calibration of Pressure Gages 

Instouments •under test, are mounted inside the insulated cabinet which can be maintained at any desired 
„temperature between -60 and;+2ÖÖ degrees fahrenheit. Pressure, is .generated by means, of the hand pump 
located, at the far left,,, increased to 50,,000 4psi, if' d'esirpd, with .an intensivier, and measured with a 
dead-weight tester.; The tester, is »equipped with a-meahs of balancing out the initial weight of the cradle. 
,BO. ~Üsaii'"3j>w ^i^tisB'jocraav^iin'.'^ija tepeixmlißl^jVe.BB'ür.ed'.. --      ' 

ELectrical output of the pressure gages is measured with, the Baldwin-Sbuthwark" Static Strain Indicator 
.shown on the. table. , 

iNSJRUiENT/CAiiH^Tp^ MD'' QPJS&TING CHARACTERISTiCS 

The 1MB. Elastic.rTube Pressure Gages are statically calibrated at 

room temperatures, with pressures applied by a hand pump and measured with a 

4e§d-weight tester .which has a precision of 6.1 per cent for pressures of 

5Ö00 pounds, per square, Inch or greater. The electrical output is measured 

with a Baldwln-Southwark Sfc& Strain Indicator* In strain units approximated 

to thd closest 5 micrqinch.es per inch. A schematic diagram of the test setup 

is shown in Figure %.,  and a sample calibration chart is given in Figure 8. 

* During calibration, the gage-factor control on the Baldwin-Southwark Strain Indicator is set on 2.00. 
This corresponds to the value for which calibration resistors are designed in the auxiliary equipment 
described on page- 22. 

oWbi 
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Each elastic-tübe gage Is loaded to the rated capacity before the 

strain wir-e& are applied.. Jkttev the assembly is completed, pressure is again 

applied in convenient increments, and observations are plotted concurrently for 

use in controlling %b& test as it progresses. This loading is arrested when 

the instrument output, indicates a strain of 25ÖÖ microinches per ifiöh. At 

this point,  appreeiaple deviation from a llaear pressure-strain relationship 

may be detected. Loading Is then repeated sJlthi observations recorded both with 

increasing and decreasing pressure; here* however, the peak pressure is limit- 

ed to that productive of an output of approximately 2000 strain units. 

For an instrument to be considered satisfactory, the relationship of 

appliedpressure to the measured electrical output must be linear, with devia- 

tions of less than l^mlcr pinches per inch at all pressures•; Pressure gages 

with greater deviations are. rejected and fitted with new pickups. The sensi- 

tivity factor of each Instrument is determined from the straight line that best 

fits the plotted isträin observations and Is expressed in microinches per inch 

per tuait of pressure.. 'Slight' variätlpnö In the sensitivity are. to be found in 

different pressure gages, of: apparently identical dimensions, but this condition 

was not- considered 0bject'ionabie=. . 

• fordeterinihe the extent of yaMstien; in sensitivity with different 

^ambient or fluid temperatures-, Instruments are also /calibrated at 20 and 120' 

degrees fährehheife; the ;permissible. Variation, in sensitivity is limited to 2.5 

per cent,. Creep> and zprp shift are carefully determined at approximately 'i 0^ 

degree intervals* 'during temperature tests over the range of 0 to T4Ö degrees 

fahrenheit; fluctuations in output readings of more than 50 micrpinches; per 

inch frtfm the reading, at room temperature are considered cause for rejection. 

: For mostsatisfactory instrumeht operation:i  the resistahce between 

the strain gages ähd.: the fmetal tube should expeed 2Ö0.megohms,.: Electrostatic- 

pickup is generally Minimized by grounding the instrument and auxiliary equip- 

ment at one coimäöh point, and by using shieldedelectrical cable with the 

-shield groundedonly at the recording end of the circuit.      _ • 

ft ,"-v|': ' '    H 

AUXllilARY BEAT RADIATORS 

The design specificatiohs require that the instrument be useabie 

with temperatures-of the pressure medium as high as 300 degrees fahrenheit. 

This is far higher than the maximum temperature at which satisfactory perform- 

ance can be expected because, at temperatures as low as 150 degrees * the cement 

which bonds the strain, gage to the tube softens and loses the adhesive proper- 

ties required for proper operation of the strain-wire component,- 

To permit use of the pressure gage at high temperatures, an auxiliary 

radiator has been devised which reduces temperatures of the pressure medium as 



*b 

ii 

20 

Aluminum f ,IB 

Shrink-'FiW 
Tw5;EiqsiicJTu&0. 
Pressure Göäe—> 

Steel 
Wir«'Screens 

"Figure 9 - Vonvection itaäiaiör ror yse> wxsnaxas^ic-TUDe. 
Pressure Gage 

ih>,pressure gages are usable, oniy if the temperature of the fluid; being; studied, is less 
than, 149 degrees fahreuheit. For liquids :at temperatures up to 300' degrees fahreriheit, this 
radiator oan.be used to reduce the temperature at the instrument to a satisfactoryvalue. 
,The radiator should be mounted horizontally for most efficient heat transfer. 

X 
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high as 300 degrees to 1'UO degre.es at the instrument itself; The radiator 

shown in. Figures; 9 and 10 is Of a convection type to obviate, the use of ä 

Tiquid. COoiant., It, consists simply of a short length of pipe which is" egttip- 

pe.di with aluminum fins shrunk, into place. In use,, the pressure gage is con- 

nected to. the radiator, and the radiator is attached tp the pressure source,. 

Care must be taken tP mount the radiator in a. horizontal position to take full 

advantage of heat transfer by convection. Wire screens can be provided at. the 

mouth of the radiator to reduce the circulation Of the pressure liquid due to 

internal convection. It. should'be noted, that the. radiator ;has, sufficient 

.,rigidi,tyt.sp that it expands, only slightly when under pressure and thus does 

not distort pressure pulses transmitted to the instrument. itsglf -.    IWhere this 

instrument i.3. to, be used' to. measure the pressures, in hot gases,, the radiator 

and pressure gage must be inclined downward and filled with a pressure-trans- 

mitting liquid having ä high boiling point. 

1 »I]X§LIMY^iMÖ,miOAL ;ÄND RECORDING EQUIPMENT' . 

;Many varieties of electrical» electronic, and recording equipment, 

can be used with the elastic-tube pressure gage to measure the electrical out- 

;put. .For',the measurement of static pressures,, the transducer can be used with 

the ..commercial SR-4* Strain Indicator employed during calibration. This arrange» 

ment is shown. ;in,Figures 11 and 12. The sensitivity is sufficient so that a 

single instrument can be used for measuring pressures as low as 200 pounds per 

square inch, and as high äs 5000 pounds per square inch, with a discrimination 

^ 
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:TMB 21097' 

Figure 10 - Original, Design öf TMB Elastic-Tube Pressure Gage with 
Auxiliary Heat Kadiator and with Strain Indicator Employed for 

Calibration and Measurement of Static Pressures 
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of 2.5 micrpiriches.per inch, representing approximately 5pounds per square 

inch, and an error of 10 microihches per inch or_20>iiigsl at any given pressure. 

Zero shift should be negligible except for small shifts due to uncompensated 

temperature effects, and a correction taken from the calibration chart may be 

applied to reduce this type of error to a minimum. If a particular pressure 

gage is employed with the same strain indicator that was used during calibra- 

tion, errors in, measurement will be held to a minimum; the characteristics of 

commercial strain indicators occasionally vary as much as k per cent with low 

strains, so that the use of an indicator different from the one used for cali- 

bration#ay introduce ah error as great a3 4 per cent. 

This same arrangement of instruments can be employed to measure slow- 

ly fluctuating pressures provided the peak pressures can be followed by manually 

maintaining the strain, indicator in constant balance. 

For high-frequency variations in pressure, which may be either alter- 

nating, pulsating, or transient, several different arrangements of auxiliary 

T; 
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WIRING DIAGRAM 

TMB_ 
Elastic-Tube 

Pressure Gage 
Baldwin< Southward 

•SR- 4 St rain In d i c etor 

! Wiring. • 
Diagram 

Üsabld Frequency 
Range 
CPS 

Resistance: of 
;   '^Strain 

•.Gages. 
Ohms 

Least Count in 
; Per pent .of 
; Fuli-ScaTe   . 

Pressure 

•': .. I .-• Statlcto-8   • 60 to "500 ti r.    .ox;, ., 
."'   2 ' Static t6i"60   "' 500. to 1000; Jl.O ,•..- 

"•rr 3 • .. ' Static.to.180 •_".  .' !.20 . ' - ..   ,1,0, 
.'    4. . .. •-    -0»0'500.  -'.. .    rsoo ;-- 2.0.    - 
.5 I0»o.3000 500 '   .2-:0): ';-. 

WSRSNS -DIAGRAM .2 

C3Z2Q 

WIRING DIAGRAM 3 

DrC Bridge 
IMSI TypeBR-2A Consolidated String 

Oscillograph 

^Stroin Indicator- 
If MB .'type IA Consolidated String: 

'Oscillograph 

WIRING DIAGRAM 4 

P-CfBridge . DVC Amplifier 
f MB type. AM-1A Consolidated String ;,    Öscillpgr.qph; 

WlRiNG DIAGRAM S 

p-C .Bridge DrC Amplifier 
Cotliöde-Ray 
Oscillograph 

»e u Schematic Wiping JDiagraa of Auxiliary: Electrical Equipment 
''i'äjF Use with TMB Elastic-Tube Pre saure Gage 

The installation is selectedaccording to «the frequency of yariatlcn in prissure being meamareä. 
Hot shown in this diagram are, three other arrangeisants of: auxiliary equipment. The pressure gage 

aajr be used with a TUB Type AA strain indicator with a Brush-type ink recording oscillograph for fre- 
g\jencias of 0 to 40 CPS} with a TUB Type 5A strain indicator with string oscillograph for frequencies 
of 0 to 800 CPS}: and with a DC bridge and HOL-tjrpe 6 13*06 cathode ray recorder for frequencies of 0 
to 3000 CPS. 

•| 1 
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•Figure 12 r- Test Equipment. Required' to Measure Static Pressures 
The1- compactness and portability of equipment have proyed^adväntägeous. tap field- testing; 
The., length, of cable between pressure--gage and. indicator nay be as great as 300.' feet?. 
although- soiae, increase in least counts of measurement occurs with the greater lengths. 
•The strain indicator contains batteries for portability,, but should ,be; "used with larger 

'• -     capacity batteries' when it is permanently installed. - 

-=—equipment shave .been found useful. These are listed and shown. Schematically 
. in, Figures5 W  through 15 for the entire usable frequency spectrum, of the 

trahsdUöer,. .'.'.-., \ ..." 
For frequencies of pressure, variation less than 6.0 cycles per second, 

the output of the pressure gage may be fed. directly into a drc Whea'tstone 

bridge and thence to a conventional string oscillograph that contains sensitive 

: «t'S^P? ''i Ji»ö=*-^ 
m 
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Figure 15'--• Test Equipment Useful for Measurement of Pressure Variations 
, up to 60 Cycles Per Second 

The elastic-tube pressure gage shown, is a %pe;H gage. The d-c TOeatötone bridge, unit is a TMB Type 
B^-TA and-contains three-channels, each with- balancingarid calibration controls. Bridge current may 
be boosted for short intervals, when- extraordinarily high -gain is, desired. 

[The^rocording. unit is :a Consolidated f^^haanel. string- oscillograph equipped viith galvanometers giving 
irSphVsignal per 3Ö^S^ä^Bteä dtr^iri^'carrent.      •"    •-"' —---.-' - —- 

galvanometer elements, Where frequencies Up to 50° cycles per second are In- 

volved, galvanometers which possess higher natural frequency but less sensi- 

tivity must be employed, .and. these in turn necessitate greater driving current. 
A d-c amplifier must then be employed to increase the output of th© bridge; 

This equipment,, which has, a linear response, to signals of frequencies as great 

as 5OÖO cycles per second, nevertheless has 'objectionably low gain and certain 

instabilities inherent in d-c amplifiers. 
, For intermediate frequencies;, an alternate type of amplifying system 

has been designed and is identified as the TMB.Type 1A Strain Indicator. It 

utilizes a 2200-cycle dynamic bridge and amplifier with such extreme sensitivity 

that, when only one instrument is used, pressures as low äs 200 pounds per 
. square inch may be measured with the same percentage accuracy äs pressures of 

5000 pounds per square inch. The stability of the system is excellent; exper- 

ience has indicated that after the equipment reaches a uniform temperature and 
with the system at constant pressure, a balance can be maintained indefinitely. 

For the measurement of pressures at frequencies higher than 50Ö 

cycles, Where resolution of the signal is required for both the low- and high- 

frequency components, the d-c amplifier with dual recording by a cathode-ray 

oscillograph and a string oscillograph, or an amplifying and recording unit 

similar to the NOL-type 6 trace cathode ray recorder may be employed, 

JLu 
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Figure 1% - High-Gain Test Equipment for Measuring ä Wide Range .of Pressures 
with \a Single -Pressure Gage 

Theprsssure gage" is shown with a TMB'Typ? .1-31 Stjgin/Indicator ;Whiok incor.porajea ,gvah -highrgaiiv 
a^riffcätTofinihat^et&Tpressures from 500 to 20yoqa pounds per .square inch; äre measureäbie with 
the same test instruments-. It is= useful for frequencies of pressure variation up to 180 cycles jer 
second with string oscillograph recording. The galvanometer should,.have a resistance of 12 ohms 
and responses- of T inehtper 4 miis,of driving currant, with a natural frequency .greater than 1200UCPS. 

When the transducer is used with any auxiliary electrical, equipment 

other than-tije static-strain indicator, some means, is required for calibrating 

the entire measuring system, phe method is to calculate the electrical output 

pe'r- unit pressure, input from information regarding gain of €he,, amplifiers and 

sensitivity of the transducer and the galvanometers; however, this procedure 

is lengthy and requires many subsidiary tests of auxiliary equipment. "'Another 

method of calibration is to impress on the test instrument a known pressure 

during; which the electrical response of the system is measured., inasmuch as 

the characteristics of the amplifiers are not strictly constant, however, the 

desired accuracy of measurement could be obtained only if this calibration 

were performed iiMediately prior to a test; and for field testing, such a pro- 

cedure is objectionable. 

A more satisfactory scheme, however, has been incorporated in all 

types of electrical equipment developed at the Taylor Model Basin for use with 

the Elastic-Tube Pressure Gage, it consists of introducing a small known re^- 

sistance in series with the active strain element of the transducer so as to 

unbalance the auxiliary bridge circuit by a known amount. If the value of the 
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Figure 1.5 - Test- -Equipment #s.e$ to Measure 
in Pressure 

High-Frequency Variations 

The press-ore gage is' connected- to; a, d-c; Wheat'stone Bridge», the electrical output of which is 
increased wiüh::a :direc+-^coupXed> amplifier. The- equipment shown contains thpee- identical channels;• 
it-has a ireful response'up-to 5000 cycles, per secohd. The output of the. system may be connected 
to', ä cönventiöfiai cathödörräy os.cillograph',, -and the; record- photographed. For frequencies up to 
'500' cycles:per- seepud, a.string cscti-icgraph; .should bje iised;; both systejns. of "recording may be, 
employed' simultaneously to discriminate, both low-- and" high-frequency components-. 

resistance is accurately known, and if toe sensitivity factors of the pressure 

gage and resistance of the strain elements are determined;» the output step 
pulse produced by switching the series resistor into the circuit represents a , 

.Specific pressure and serves as an artificial .calibration:. 
The ^change in resistance required Is, of course, small; and to avoid 

difficulties with switch contacts, a 2-ohm.precision resistor is permanently 
connected in series with the strain gages in both bridge arms and is shunted 

with a second, larger resistor when the change in resistance is desired. 

a* I 
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RESULTS OF FIELD TESTS 

Elastic-tube pressure gages have been used in both field and labor- 

atory tests for a period of approximately three years. During this time, in- 

strumerifes were unavoidably exposed to saturated atmospheres, to oil baths, to 

rpugK handling, and to shock accompanying gunfire; and with the exception of 

the minor difficulties meritlone'd earlier,, that were corrected by changes in 

mechanical design, the instrument characteristics were in no way adversely af- 

fected and V&*3- response has been free of spurious pressure; indications. Some 

instruments recalibrated after one, year of use indicated shifts in sensitivity 

of less than one per cent. Zero shift was never found to be excessive, and, 

in factj the highest degree of stability has always been realized. It is 

nevertheless good practice. tP recalibrate the instruments every six months. 

Non-linear calibration or low resistance to ground rMüire application of new 

strain gages;*    ..';•'. 

Instruments have "been installed by unskilled workmen without diffi- 

culty ana? have been used, by bath trained and untrained technicians in this and 

other haval establishments'. Successful applications: include the measurement 

of hydraulic pressures in training and,elevating büffers ön turrets, in recoil 

and counterijecoil cylinders of guns., in hydraulic piping, hydraulic motor's-, and 

Var,iäbi.e>spejSLd. tj^sjnissjpns*. in ip.n^sbujCT^ydriftIic-typ^ thrust bearings, and 

of gas pressures in exhaust systems, in ,gun barrels:, and. in explosion chambers- 

Recording of pressures at distances äs great as 250 feet, from the 

instrument has been accomplished with ease. 

The feature of bleeding the gage has been, found invaluable,, because 

tests to determine effects, of entrapped, air have.shown, that with dynamic load- 

ing even small bubbles produce gross distortions in trie; pressure-time relation- 

ships and in the magnitude of recorded pressures.; 

Tests have been, .conducted to compare this gage with other types, in 

particular a piezoelectric crystal gage, arid a.mechanical engine indicator, 

Records were taken simultaneously, as shown In Figures i6 and .17, during the 

stroke of a hydraulic büffer. The pressure pulse indicated frequencies as 

high as 703 cycles -per second. Agreement of the crystal and elastic-tube gage 

' readings is very clps§ both in magnitude and In time-history;, the; mechanical 

indicator overshot slightly -and had a. distorted /response.•; 

The natural, frequencies of the Types JS, Fy.sinäii gagiss .have been 

measured, and were found to be 12-PO;, 1.80.0, and. 15Ö0!cycles per second respec- 

tively, when.resjjriäting^as air-filled organ pipes, When filled with liquids, 

these frequencies will (\e. raised appreciably. Frequencies when vibrating as 

* Instruments overloaded by more than 20 per cent are generally impaired so that new strain elements 
will not improve performance; see footnote, page 31. . 

L'.iai«s;c=iäw•*"1***^'— 
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a bell were found to be 5100, 4000, and 5700 cycles per second respectively. 
Excitation could be produced only by external blows, and natural frequencies 
•have never bssn observed during a test. Requ 

{} quency have been met. 
AX  VillVl i. v «-»      i-A/i<     -4 * X(^l A-     1 Xt^- V MJL-M A     -JL-JL-W- 

• 1 

,!i .a 
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CONCLUSIONS 
The TMB Elastic-Tübe Pressure Gage has^ been  found to possess ail the 

desired operating characteristics, it has proved accurate and durable, and, 
as a laboratory instrument, compares more than favorably with other types now 
on the market. Its use In the field of control instruments has, not been ex- 
plored, but the instrument appears suitable for such applications. 

J 
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APPENDIX T • 

DESIGN-FACTORS WHICH. INFLUENCE. GAGE CHARACTERISTICS 

Several brief coinnients are given here which pertain to the influence 

oh pressure-gage characteristics of various design parameters^. Thesfe relation- 

ships were determined mostly from experimental observations and may be consid- 

ered as applying in the broad sensfe. tö the design of any similar type of 

measuring device which employs electrical elements of strain-sensitive wire. 

SENSITIVITY '   :" 

The sensitivity of the elastic-tube pressure gage earlier defined 

as. the circumferential strain per unit pressure is a function of the thickness., 

diameter, and end restraint of the tube, of the modulus of elasticity of the 

material of construction, and of the position, resistance., type, and arrange- 

ment of the strain-wire elements; these parameters are discussed in the fol- ' 

lowing. 

The geometry of the mechanical components inevitably involves the 

dilemma that the characteristics of -high natural frequency and high sensitivity 

can. not be obtained simultaneously. If the natural frequency of the gage is 

at least twice that of the dynamic .phenomena being studied, no attenuation 

of response should occur;, this design criterion must always be considered first. 

The natural frequencies of vibration of the pressure gage, Which 

may be excited by sharp pressure pulses or external stimuli, may be divided 

into two groups - those which accompany organ-pipe reverberation; within the 

tube and: those which accompany elastic deformation of the tube vibrating as 

a bell,, With the acoustical reverberations, natural frequency may be calcur 

lated according to elementary physical laws which indicate that the frequency 

depends largely oh,the length of the tube and the density of the: fluid. Ex- 

perimentally determined frequencies are given on Pages 27 and 29. The elastic 

action may consist of either longitudinal deformation or circumferential breath- 

ing of the tube, and; frequencies of vibration in both modes are much higher 

than those of ah air-filled organ-pipe. Elastic action äs a cantilever is a. 

low-frequency phenomena, but the instrument shows no response to this type of 

elastic behavior* 

The circumferential strain e  developed in the tube is related to the 

diameter d  and the thickness t  by the expression 

*(f)'*P 
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•where p  i-s> applied .pressure arid k is a constant i Thus maximum instrument 

sensitivity may be obta'ined after considerations: of natural frequency through 

the. use of large diameters and small thicknesses.. Ultimate ly* the difficulties 

In manufacture arid: liability to;. da?fiäge_and corrosion place a lower limit oh 

thickness, whereas cöm-eiilviic äö§ in gage handling and installation place an upper 

limit" on- •diameter,s "   ; 

To ensure linearity of response, the maximum'value of the principal 

stress, should be limited -to= a value below the- proportional limit..; Here., the 

proportional limit is- the maximum stress at: which, the1 load.-strain, relationships 

are linear. The electrical output of the pressure gage in strain units., e.,, 

varies directly with the pressure^induoed principal stress, and inversely with 

the modulus of elasticity E.    Thus* to; obtain maximum sensitivity, while neg- 

lecting, momentarily other design factors', the material which comprises the' 

tube s.houM have its ratio of proportional limit to modulus of elasticity as 

great as possible. This ratio for various possible gage materials is, given- 

in the-, f oilowirig; list .'••''• 

Steel 

Medium' 
STS 
Tool 

- .0.0012 
r 0,0022 

Aluminum- • 

6-TST 
f 5ST 

- <k0O35 
- Ö.1Q01J 

:Brass(    , - Ö-.ÖÖ12; 
cu •-- 7,0 

•Zh- - 3-Ö. 
per cent 
per cent 

Wonze    . 
Gu s- 90. per cent 
Sri - i0 per cent 

'0,0013 

lüölte 

Cellulose Acetate 

0;i0Q7 

Gold - Ö..0Ö19- 
Cu- - 6.V3- per ic.erit, 
'Ag' -__ 2\..i per cent . • 

V 

1 

» 

Ill 

ft e 

inasmuch as the pressure-produced strairi output is an inverse; function of the 

modulus,, materials with low moduli are thus , t,o be favored in- these, instruments; 

these materials;,, such äs lucite and aluminum,, unfortunately also have undesir- 

able properties of .creep, hysteresis, arid low endurance limits. Whereas alumi- 

num. has -been tested in some experimental iristruments because it low modulus 

furnished one .means of obtaining the desired sensitivity, alloy steels of high- 

er moduli demonstrate; the better characteristics of linearity and stability. 

The ideal material of construction is yet to^be found.* 

* It is to be noted that to. achieve maximum sensitivity, the strains developed at rated pressure are 
close to the proportional limit of the material,. The absence of a. large factor of safety thus requires 
care in the choice of instrument for a particular application so as to avoid possible overloading. 

I-   \   -   - 
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The. factor of end restraint of the tube iö .present when, the tube is 
so, short that it is limited in its elastic distortion by ends which are com- 
paratively rigid. Such äctiöh probably occurs to some slight extent in these 
instruments.;.but. £hewshar.t.,: length gequined^f.or 'high natural. frgqUency is more 
.important. Effects of end restraint are a. minimum at the longitudinal center 
of the tube so,that circumferential strains developed there by internal pres- 
sure should be a maximum; consequently, the strain elements are mounted at 
that point. 'Because, of the, sharp Variation in stress along the tube, hand- 
wound- gages that -have the, strain wire concentrated; in ä' small area are pro.- 
ducti'Ve of greater electrical output than the larger Commercial gages. 

The »electrical output.,of the.instrument,, when used in. a bridge cir- 
cuit,, maybe increased with. the.-use.of'higher-voltage -.power supplies ; However, 
because of limitations on-current flowing through the, strain gages, the resist- 
ance of the ,gages should be greater«, Sensitivity,, in effect j is a direct 
function of the' resistance•,.  ,.  • .  ..-..- 
_; .Increase ,ln electrical, output could, also be obtained through the Use 
of two active .gages- electrically connected in a bridge circuit sö~thät "the 
strains-, would bev numerically additive.,* Lack of .space, on. the 'tube .has thus far 
prohibited this .arrangement,,, but it has several features to recommend its use 
in the future. "•       .   ••.[•'" 

It fiiss -nrnenfuuuu that- rsgar diese of the' Srjfpe -of arrangement of 
strain .elements, the output, pi a single strain gäge is limited tö 25OÖ micros 
inches per inch,., since, higher strains .have been,accompanied by zero1 shift,, 
-reep, and hysteresis of magnitudes greater than, desired in a ..precision measur- 
ing instrument; £he :C.ause-of this limitation oh sensitivity has not been fully 
determined- and is subject: to further' study. 

LINEARITY OF RESPONSE. AND STÄBlLiTy- OF GiffilBIiATION: 
The characteristics of linearity, and stability have been observed to 

depend on the type of material, emplöygä in. the elastic tube and, on its history 
of loading; these operating characteristics.further depend upon the jnagtvitude 
of elastic deformations v©der ipädj \oh; the .type, of strain gages employed, and 
on the skill exerted in their appiig:ätiph> • . = • 

If materials known to have a, linear .stress-rsträin .relationshUp are 
employed in the manufacture, of the instrument it 4$, is necessary only that the 
loading be restricted to the,.range in which a linear response is observed. As 
mentioned earlier., this, condition! limits the. .magnitude of elastic def örmatlöns 
ahd is determined experimentally. With some severely overloaded specimens,, 
however, linearity of response can never be achieved, whereas with most, slight 
controlled pre-loading improves performance,. * 

•J : 
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With the characteristics of stability and. linearity of response, as 

with sensitivity, hand-wound strain gages are preferred to the commercial ones. 

However, skill in gage application is particularly important to obtain accept- 

able results. It'..is necessary -thafcthe bend between, the strain, .gage and surface 

be bubble-free, and that the gage not be damaged, even superficially,, during 

installation--;- Generally,, the routine checks of gage and ground resistance are 

insufficient to determine- if the strain gages are properly installed-. Occa- 

sionally a rpoor gage may be detected if its zero-stress resistance varies by 

more than the -tolerance specified by the manufacturer, but only the calibration 

itself can be relied upon to detect unsatisfactory operation of the gages. 

TEMPERATURE COMPENSATION 

The efficacy of temperature compensation would appear assured if the. 

pairs of strain gages are mounted sufficiently close together to be subject to 

identical temperature variations. It has been observed,, however, that other 

-f-acTtsrs~:räayf^inter£erÄ_w±th this condition. It has been determined that the 

coefficient of expansion in a material sometimes depends on. therdTre"ctTön~of"^ 

rolling, and that the coefficient^ may differ throughout the specimen. Also, 

in a complex instrument that involves sharp variations in cross section, 

temperature-produced dimensional changes, are not uniform, nor is the tempera- 

ture- distribution itself uniform. Consequently, proper choice of the- location 

of gages for effective temperature compensation is important in the design, 

and the determination" of such locations is purely an empirical procedure. In 

any case;, the ^mechanical elements on. which the active and the compensating 

gages are, mounted should be identical.in size and shape. 

It is well known that the gage factors of commercial strain gages 

may -Vary plus, or »minus, two per cent of an average value specified by the manu- 

facturer. This variation results in different sensitivities in pressure gages 

that are otherwise identical; it .has no effect, however, on linearity or 

stability... Nevertheless, these variations in gage factor are important in 

öbtainingrfiull. temperature compensation, for a maximum variation in the two 

strain gages may result in such poor compensation as to warrant rejection. 

Again- the choice of str.ain gages is entirely a matter of trial and error. The 

only possible precaution lies, in selecting pairs of gages from the same pack- 

age. In hopes, that they may be identical In gage factor. These difficulties are 

not often experienced with the handrwound elements. 

j 
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APPENDIX 2 

DESIGNÄTIÜNS 'FOR ELASTIC-TUBE PRESSURE GAGES 

All TMB Elastic-Tube -Pressure'Gages are designated by a serial 

number whose parts have the following significance. 

First, letter- - Type of construction and capacity of instrument as 

given in Table t. 

TABLE 1 

Dimensions and Designations of Elastic-Tube Pressure Gages 

'3 

! » 

Type 
Test 

Pressure Mechanical 
Design 

Dimensions of Tube, inches 

. -Out side-Diameter— -I-ns-ids-D-iamster—•• - •r'-r— - - ' 

D 8000 Original . O.478 O.438 

' E 5000 . Original 0.466 O.438 

•  F ' 20,000 Original 0.466 0.345 

-.?•- 1:000  ; : -ÖRiginä^L.. ; .Q^ljJJL^  _ _] :..- OfjM      -------ä 

H; 25,000 Revised 0.466  . - 0.345 

J •5000 Revised 0.466 • 0.438 

Second letter* - Resistance and type of strain gage ; The letters 

have the- following slgnlfI.cjahce,?' 

•Letter -Meaning 

None 

A? 

B 

C 

Type Ä-7» 120-ohm metalectric gage 

Type sA-l4> 500-ohm metalectrlc gage 

120rohm gage, hand wound with 1.5-ml-l wire 

500-ohm gage, hand wound, with 1.5-mIl wire 

V 

•y-  *: 

•* An "affix" "X" after the first -two letters of ah instrument designation indicates that the shield of 

original design has had the Amphenoj type plig replacod by a Cannon type -plug. 
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Number - Serial number of the particular type of Instrument. 

Last letter Number of different strain gages that have been installed 
successively on that particular mechanical component of 
•the instrument -. 

Letter 

A 

B 

Meaning, 

Second installation 
Third installation 

Thus the gage labeled ECX3B is a Type E gage of original design 
with a capacity of 5ÖQ0 pounds per square, inch. It Is hand-wound with 5ÖO- 
ohm strain gages and is provided with a Cannon type plug. Jt' is the third 
of the EG group of instruments and has been successively equipped With three 
identical strain .gages,.-., .-. ...    .. .. . . -....  -_  

-       APPENDIX 3, 

METHOD OF APPLYING NEOPRENE WATERPROOFING 

TO-STRAIN GAGES. 

It is necessary to thoroughly waterproof strain gages after their 
installation., inasmuch as the cement for mounting gages is hygroscopic. The 
absorption of moisture by the. cement dees not appreciably affect the sensi- 
tivity, but it destroys, the stability of the gage, and reduces its service life.... 

Compounds such as beeswax or ceresin wax were first employed for 
waterproofing, but their brittleness at low temperatures was found to be ob- 
jectionable.. Bitumastics such, as Qzite B Jhave sbeen superior in that respect, 
but are dissolved by hydraulic- fluids and oils, to which strain gages .may Be 
exposed; Neoprene has since been, found' to be the most effective waterproofing 
compound-, and comprehensive tests with. It have shown that it has no deleter- 
ious effect on the accuracy of strain measurement, The process for applying 
neoprene, which is commercially available from Gates Engineering Company,- New 
Castle, Delaware, is given in the following: 

1. Apply one coat of primer, with a brush or ä spray gun, and allow It 

to dry one-half hour. 

• J ! s 
'^ "•«g-'L-jire ? 
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2. iMlx the .accelerating fluid and brushing cement in the proportions 
of one to four and apply a coating that will be approximately 1/64 inch thick. 

3. Add as many additional coats as are required to build; up the desired 
thickness of waterproofing; and allow one hour drying time between application 

of each coat. 
H. Air-dry the completed coating for 2k hours. 

. 5.    Cure the coating at 140 degrees fahrenheit for a period of IS to 18 
hours. If this temperature is exceeded, the strain gages may b«? permanently 

damaged, and the paper charred. 

REFERENCE^, 
{<!) "An Elastic-Tube Gage for Measuring Static and Dynamic Pressures,'1 

by E. VJenk-j Jr., TMB Memo 3 for file S8f-r6, September 1946. 

(£.)• "An Elastic^Tube Gage for Measuring Static and Dynamic Pressures;»" 
by E:.; Wenk, Jr.* Technical Paper presented at annual meeting of instrument 
Society of America at Pittsburgh, September 1946« 

;(3) "A Carrier-Type Strain Indicator," by George W. Cook, TMB Report 

565, November ^9*6;. ._^__ 
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